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We have investigated whether the activin family of growth factors is involved in the regulation of retinal cell differentiation.
Immunocytochemistry and in situ hybridization have shown that activin/inhibin subunits a, bA, and bB; receptors II and IIB;
ollistatin; and a follistatin-like gene are expressed in different regions of the chick embryo retina in developmentally regulated
atterns. When tested in dissociated retinal cultures, activin did not appear to affect cell survival or proliferation, but it exerted
arked inhibitory effects on the differentiation of photoreceptors, while stimulating the differentiation of nonphotoreceptor
eurons; both effects were concentration-dependent and follistatin-sensitive. The results are consistent with the possibility that
ctivin family members play significant roles in the regulation of retinal development. © 1999 Academic Press
Key Words: chick; retina; activin.
1
o
c
s
i
1
b
t
r
r
hINTRODUCTION
The adult avian retina is comprised of rod and cone photo-
receptors; horizontal, bipolar, amacrine and ganglion neurons;
and glial cells of Mu¨ller; these major cell types arise from
pluripotent precursor cells, become postmitotic at specific but
overlapping times, and are distributed in a cell-type-specific
manner in a characteristic laminar pattern. Deterministic
lineages do not appear to play significant roles in avian and
other vertebrate retinae, since tracing studies have shown that
proliferating precursor cells usually give rise to two or more
different cell types (Turner and Cepko, 1987; Holt et al., 1988;
etts and Fraser, 1988). Some retinal cells express cell-type-
pecific markers immediately after being born (e.g., Watanabe
t al., 1991; Snow and Robson, 1994; Waid and McLoon, 1995;
lexiades and Cepko, 1997), but studies from this (Adler and
atlee, 1989; Belecky-Adams et al., 1996) and other laborato-
ies (Reh and Kljavin, 1989; Harris and Hartenstein, 1991;
zzeddine et al., 1997) suggest that many precursor cells
emain plastic for some time after terminal mitosis; according
o this model, their differentiation would be influenced by
osition-dependent inductive signals that they encounter dur-
ng their intraretinal migration or as they reach their postmi-
ratory positions within the retina. The role of many candi-
ate factors has been studied during retinal differentiation
Fuhrmann et al., 1995; Ary-Pires et al., 1997; Pittack et al.,
v
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thers), and yet the signaling mechanisms that give rise to
ellular diversity in the retina remain poorly understood.
In this study, we have focused on the activin/inhibin
ubfamily of the TGF-b superfamily, by investigating their
capacity to influence retinal cell differentiation in vitro, as
well as their distribution and developmental regulation
within the embryonic retina. The activin/inhibin subfamily
comprises several b subunits and one a subunit (reviewed
n Woodruff, 1998). Activins are b homo- or heterodimers,
while inhibins are heterodimers of one a subunit and one b
subunit (reviewed in Woodruff, 1998); activins and inhibins
therefore share a subunit, although they frequently have
antagonistic functions (Lebrun and Vale, 1997). In addition,
the secreted glycoproteins follistatin and follistatin-like
protein (flik; Connolly et al., 1995; Patel et al., 1996) are
thought to prevent activin/inhibin from interacting with
their receptors by binding to b subunits (de Winter et al.,
996), and antivin, a molecule recently identified in ze-
rafish, is thought to be a competitive inhibitor that binds
o activin receptors and blocks access of activin to its
eceptors (Thisse and Thisse, 1999). Type I and II activin
eceptors are serine–threonine kinases which must form
eterodimers in order to transduce the activin signal (re-
iewed in Zimmerman and Mathews, 1996).
Activins and inhibins were initially characterized based
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but have been subsequently shown to play diverse roles in
the regulation of cell survival, proliferation, differentiation,
and migration in a variety of tissues (reviewed in Mather et
al., 1997), including the nervous system (for review see
Nishi, 1994; Fann and Patterson, 1995). A possible function
in the retina has been suggested based on the finding of
follistatin and activin/inhibin subunits and/or receptors in
this tissue (e.g., Ohuchi et al., 1992; Nohno et al., 1993;
ing et al., 1995a,b; Adler et al. 1996) and in human retinal
pigmented epithelial cells in culture (Jaffe et al., 1994);
biological effects on retinal cells are under investigation in
the mouse (Adler et al., 1996, ibid.), and in Xenopus (Moore
and Moody, 1997).
The studies reported here show that differentiating reti-
nal precursor cells express activin receptors, follistatin, and
activin/inhibin subunits, which are localized to different
regions of the retina in developmentally regulated patterns.
In vitro experiments, moreover, show that activin does not
appear to affect survival or proliferation of retinal cells, but
that it stimulates the differentiation of amacrine (and
perhaps other) neurons, while inhibiting the expression of
differentiated properties by photoreceptor cells; both effects
are concentration-dependent and follistatin-sensitive. Taken
together, these results are consistent with a role for mem-
bers of the activin family of growth factors in the regulation
of cell differentiation and/or cell fate in the retina.
MATERIALS AND METHODS
Experimental Animals
White Leghorn chick embryos were used for all experiments
(Truslow Farms, Chestertown, MD).
Materials
Antibodies raised in rabbits against synthetic peptides corre-
sponding to mouse activin receptors II and IIB, human activin/
inhibin bB, and porcine activin/inhibin bA and inhibin a, as well as
an antibody against purified human follistatin, were kindly sup-
plied by Dr. Wylie Vale (Salk Institute, La Jolla, CA); peptides used
to preabsorb those antibodies were generous gifts from Dr. Jean
Rivier (same institution). Rabbit antibody against Pax-6 was a gift
from Dr. Randall Reed (Johns Hopkins University, Baltimore, MD),
whereas rabbit anti-visinin was from Dr. Arthur Polans (University
of Wisconsin, Madison, WI). OS-2 and COS-1 was from Dr. Agoston
Szel (Budapest, Hungary) and sheep anti-bovine opsin was from Dr.
David Papermaster (University of Connecticut, Farmington, CT).
Recombinant human activin A and follistatin were generous gifts
from Dr. Yuzuru Eto (Ajinomoto Co., Inc., Japan) and from the
National Hormone and Pituitary Program (Torrance, CA); chick
activin was a kind gift from Dr. James Coulombe (USU, Bethesda,
MD). Suppliers of other reagents were as follows: Sigma (St. Louis,
MO), heparin, Denhardt’s solution, herring sperm DNA, Chaps,
total yeast RNA, SDS, polyadenylic acid, acetic anhydride, dextran
sulfate, triethanolamine HCl, antibodies against syntaxin and
GABA; 59 to 39 (Boulder, CO), STE columns; GIBCO BRL (Grand
Island, NY), tissue culture media and balanced salt solutions, yeast
Copyright © 1999 by Academic Press. All righttRNA; Atlanta Biologicals (Norcross, GA), fetal calf serum, Lot
4000F; Promega (Madison, WI), pGEMT; Vector (Burlingame, CA),
ABC Elite kit, purified goat anti-rabbit IgG and goat anti-mouse
IgG; Fisher Scientific (Pittsburgh, PA), Permount; Polysciences
(Warrington, PA) Aquamount, OCT; Kodak (Rochester, NY), Nu-
clear Track emulsion NTB2; Bio-Rad (Hercules, CA), Tween 20;
Boehringer (Indianapolis, IN), RNases A and T1; J. T. Baker (Phill-
ipsburg, NJ), EDTA; Andotek (Irvine, CA), [a-33P]UTP; and Amer-
sham (Arlington Heights, IL), [a-33P]UTP (3000 Ci/mmol), [3H]thy-
midine (sp act 25 Ci/mmol), antibody against bromodeoxyuridine.
Low-Density Cell Cultures
Methods for generating glia-free purified cultures of chick em-
bryo retinal neurons and photoreceptors have been previously
described (Adler, 1990; Belecky-Adams et al., 1996). Briefly, neural
retinas from embryonic day (E) 5–E8 chick embryos were dissected
free of contamination with pigment epithelium and other ocular
tissues and mechanically dissociated after a 20-min incubation in
0.25% trypsin. The resulting cell suspensions were diluted to a
density of 4 3 105 cell/ml in medium 199 supplemented with 5%
fetal calf serum and 110 mg/ml linoleic acid/bovine serum albumin
complex. Two milliliters of the suspension was seeded for each
polyornithine-coated, 35 mm-dish and incubated at 37°C in 5%
CO2 in air. Cultures were grown for 6 days before fixation with 4%
araformaldehyde in 0.1 M phosphate-buffered saline (PBS) for 30
o 60 min. [3H]Thymidine (1 mCi/ml) was added to the cultures in
ome experiments. Cultures were window-labeled according to
elecky-Adams et al. (1996), by adding to the culture medium
3H]thymidine, followed 8 h later by bromodeoxyuridine. Activin,
follistatin, or vehicle was added to culture dishes before cell
seeding. We assumed an average molecular weight of follistatin of
35 kDa in order to calculate the molar ratio of activin to follistatin.
A cytotoxicity/viability kit, containing ethidium bromide ho-
modimer to label dead cells and calcein AM to mark live cells, was
used according to the manufacturer’s instructions (Molecular
Probes, Eugene, OR, Cat. No. L-3224).
In Situ Hybridization
cDNAs used for generation of RNA probes were generously
supplied by Pat Johnson (Cornell University; inhibin a), Claudio
Stern (Columbia University; activin receptors II and IIB and activin
bA and bB with permission from Ray Runyan, University of
Arizona), and Jonathan Cooke (National Institute Medical Re-
search, London; follistatin-like gene). A probe specific for follistatin
was generated by PCR amplification of a 777-bp segment from
adult chick retinal cDNA, using CAACGACAACACGCTCTTTA
and TCTTCCTCTTCTTCCTCTGG as upstream and downstream
primer, respectively. The PCR product was cloned into pGEMT.
Plasmids were linearized with appropriate restriction enzymes,
extracted in phenol chloroform, and precipitated in ethanol; a
sample was run on agarose gels to verify linearization. 33P-labeled
probes were generated using the Promega in vitro transcription
systems as directed by the manufacturer, and unincorporated
nucleotides were eliminated by sequential treatment on STE
columns and ethanol precipitation. Transcript size and integrity
were determined by agarose gel electrophoresis (Sambrook et al.,
1989), and quantitation was done by scintillation counting after
removal of unincorporated nucleotides.Embryos used for in situ hybridization were staged according to
Hamburger and Hamilton (1951). After fixation in 4% paraformal-
s of reproduction in any form reserved.
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109Activin Effects on Chick Embryo Retinal Cellsdehyde in 13 PBS for varying lengths of time (depending on
specimen size), tissues were embedded in Paraplast, sectioned at 10
mm, and treated as in Belecky-Adams et al. (1997). Sections were
processed for in situ hybridization as described by McLaughlin and
argolskee (1993). Culture dishes were treated the same as the
issue sections, except that they were acetylated in a solution
ontaining 0.6% acetic anhydride in 0.1 M triethanolamine HCl,
H 8.0, for 10 min at room temperature prior to probe addition.
Immunohistochemistry and Autoradiography
Antibody dilutions were 1:1000 for activin/inhibin bA and bB,
inhibin a, activin receptors II and IIB, and follistatin; 1:250 for
ax-6; 1:100 for syntaxin; 1:2500 for GABA; 1:10,000 for OS-2 and
OS-1; and 1:150 for sheep anti-bovine opsin. Tissue was fixed
ith 4% paraformaldehyde in PBS and embedded for cryosection-
ng in sucrose and OCT essentially as described by Barthel and
aymond (1990), sectioned at 8 mm, and stored at 270°C. Sections
were treated with a 24:1 mixture of methanol and 3% hydrogen
peroxide to block endogenous peroxidase and incubated overnight
at 4°C in the above-mentioned primary antibody dilutions. Anti-
body binding was detected with the ABC method as described
(Belecky-Adams et al., 1996). Sections were dehydrated in a series
of ethanol and xylenes and coverslipped with Permount. As con-
trols, antibodies were incubated overnight at 4°C with the peptide
against which they were raised, before being used for immunocy-
tochemistry as above. Culture dishes were similarly processed, but
were coverslipped directly from PBS, using Aquamount. Cultures
were labeled with rhodamine-conjugated peanut agglutinin as
described in Saga et al. (1996). Tritiated thymidine autoradiography
was done in cell cultures as previously described (Belecky-Adams
et al., 1996). Nuclear Track Emulsion NTB-2 was diluted 1:1 in 600
mM ammonium acetate at 45°C for in situ hybridization autora-
iography; dishes and slides were exposed for 3–8 weeks.
Quantitative Analysis
Criteria for cell identification in retinal cultures have been
described (Adler, 1993), and quantitation of the frequency of
different cell types was done as described by Belecky-Adams et al.
1996). Photoreceptor length measurements were done as in Sten-
amp and Adler (1993); photoreceptors were classified as “long” or
short” when their cell body was respectively longer or shorter
han twice the diameter of their nucleus. Data were analyzed using
icrosoft Excel, Delta Graph Professional, and SigmaPlot.
RESULTS
Immunocytochemical Analysis in Vivo
The distribution of activin/inhibin subunits bA and bB
nd inhibin subunit a (referred to henceforth as “subunits
bA, bB, and a”), activin receptors II and IIB, and the activin
antagonist follistatin was investigated immunocytochemi-
cally on chick eye sections from E3 to posthatching day 7,
with particular emphasis on E3 (when retina consists ex-
clusively of proliferating neuroepithelial cells), E4–E7
(when proliferation continues very actively, but many cells
undergo terminal mitosis and begin differentiation), E8
(when the generation of postmitotic precursors for photore-
Copyright © 1999 by Academic Press. All righteptors and nonphotoreceptor neurons is complete in the
etinal fundus), E15 (when the postmitotic precursor cells
re undergoing differentiation), and E18 (when the differen-
iation process is largely complete) (Belecky-Adams et al.,
996). Preabsorption of the antibodies used with the pep-
ides to which they were raised completely eliminated
mmunoreactivity for all family members (Fig. 1L). Patterns
bserved within the central retina will be described first,
ollowed by a comparison of peripheral and central retina.
Fundal region. In order to avoid redundancies, the re-
ults will be generally illustrated for only one antibody
subunit bA); the data obtained with all antibodies at E4, 8,
nd 18 are summarized in Table 1. At E3, immunoreactivity
as weak and diffuse in retina, lens, and adjacent ectoderm,
nd no signals were detected in the retinal pigmented
pithelium (RPE) (Fig. 1A). This pattern showed two
hanges by E4: the appearance of immunoreactivity in the
PE (which, at this stage, is not pigmented) and the pres-
nce of cells with somewhat stronger staining at the vitreal
dge of the retina (Fig. 1B); the position of the latter suggests
hat they are putative ganglion cells. By E8 (Fig. 1C), intense
mmunoreactivity was detected with all antibodies in the
egions occupied by presumptive ganglion cells and by a
ubpopulation of putative amacrine cells; immunoreactiv-
ty was weak or undetectable in the remaining amacrine
ells, the presumptive bipolar/Mu¨ller cell region, and the
resumptive photoreceptors. During the period of cell dif-
erentiation, a conspicuous change was the appearance of
mmunoreactivity for all subunits and receptors in photo-
eceptor cells (e.g., E18; Figs. 1D, 1G, and 1H). Interestingly,
he subcellular localization of receptors II and IIB (Figs. 1E
nd 1F) differs slightly in amacrine cells at E8; RcII is
ocalized primarily in the vitreal side of their cell bodies,
hereas RcIIB is localized primarily in the inner plexiform
ayer. On E18, immunolocalization of RcII and RcIIB (Figs.
G and 1H) appears to be very similar, with label in photo-
eceptors (inset, Fig. 1H and arrowheads, Figs. 1G and 1H),
ome amacrine cells (arrows, Figs. 1G and 1H), and the
nner plexiform layer. The bipolar/Mu¨ller cell region re-
ained weakly labeled at E18, while the frequency of
trongly immunoreactive amacrine cells appeared to de-
rease for bA (Fig. 1D) and receptor II while increasing for
receptor IIB and follistatin (Table 1). Horizontal cells re-
tained bA immunoreactivity (Fig. 1D) and became positive
for follistatin and receptor IIB, but remained negative for
subunit a and receptor II (Table 1).
Differences in immunoreactivity between central and
peripheral retinae. At early developmental stages (E4–
E6), immunoreactivity appeared much stronger in the pe-
ripheral than in the fundal regions of the retinal neuroepi-
thelium, whereas the opposite pattern was observed in the
RPE (i.e., stronger immunoreactivity in the fundal than in
the peripheral regions; Figs. 1I–1K). The transition from
central to peripheral regions appeared graded in intensity in
both tissues, suggesting the existence of complementary
concentration gradients. These differences are illustrated in
Figs. 1I–1K for follistatin, but similar patterns were ob-
s of reproduction in any form reserved.
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111Activin Effects on Chick Embryo Retinal Cellsserved with all the antibodies studied. Fundus-versus-
periphery differences persisted in the neural retina at older
stages, but heavy pigmentation of the RPE at stages older
than E6 precluded their analysis in this tissue. It is note-
worthy that the lens was also immunoreactive at early
stages (E3–E8) with antibodies against follistatin and ac-
tivin subunits and receptors (see Figs. 1A and 1J); immuno-
reactivity was also observed in iris and ciliary body at E15
and later developmental stages (not shown).
In Situ Hybridization Analysis in Vivo
Table 2 summarizes the expression patterns observed at
E4, E8, and E18. In situ hybridization with 33P-labeled RNA
robes corroborated the distribution of both type II recep-
FIG. 1. Distribution of immunoreactivity for activin/inhibin famil
ubunit (A–D), RcII (E, G), RcIIB (F, H), and follistatin (I–K) at E3 (A
embers of the activin family are indicated under Results. Note low
euroepithelium on E3 (A) and E4 (B); some cells displaying somewh
n B) may correspond to ganglion cells. RPE labeling in the fundal
n B). At E8 (C), there was strong immunoreactivity in ganglion and
etina; several of these features persisted at E18 (D), but photorecep
tage. Although the laminar distribution of receptors RcII and IIB w
n subcellular distribution; RcII appeared localized primarily to the
) and RcIIB to the inner plexiform layer (arrows F, H). Signal for b
t E18 (arrowheads G, H, see inset H). There were also central
ollistatin antibody (I, K). At E4, this antibody labeled the central
ntensely (K). In addition, there was a complementary peripheral-to
ith antibody preabsorbed with the peptide against which it wa
TABLE 1
Distribution of Immunoreactivity for Actividin Family Members i
Age Cells bA bB
4 RPE 11 11
NE 1/2 1/2
E8 pONL 2 2
pHorizontal 1/2 2
pBipolar/MG 2 2
pAmacrine 11/2 1/2
pGanglion 111 11
E18 ONL 1/2 1/2
Horizontal 11/2 2
Bipolar/MG 2 2
Amacrine 11/2 1/2
Ganglion 111 1/2
Note. 2, no immunoreactivity; 1/2, immunoreactivity in s
immunoreactivity; 111, strong immunoreactivity. RPE, retinal pi
nuclear layer; Horizontal, horizontal cells; Bipolar/MG, bipolar andeuroepithelium; pONL, presumptive outer nuclear layer; pINL, presum
agnification bars: A–D, G, H, L, 50 mm; E, F, 10 mm; I, K, 25 mm; J, 2
Copyright © 1999 by Academic Press. All rightors observed by immunocytochemistry and suggested that
ome of the secreted peptides are synthesized in cells
ifferent from those in which they are immunocytochemi-
ally detectable. Probes for bA, bB, and a subunits; follista-
tin; and flik showed weak, diffuse signals throughout the
proliferating neuroepithelium and lens at E3–E5 (illustrated
for a subunit in Fig. 2A). At E8, intense bA signals were
resent throughout the retina, but appeared slightly stron-
er in ganglion cells (Fig. 2B); however, bB signals predomi-
nated in the presumptive outer nuclear layer and were
undetectable in the inner retina (Fig. 2C); a low level of a
subunit mRNA was localized to the retina (Fig. 2D), which
by bright-field microscopy appeared to be found predomi-
nantly in presumptive ganglion and amacrine cells (not
shown). Follistatin signals were widespread but barely
teins in the developing chick retina. Immunocytochemistry for bA
(B, I–K), E8 (C, E, F, L), and E18 (D, G, H). Similarities with other
el, diffuse distribution of bA immunoreactivity in the proliferating
ronger immunoreactivity at the vitreal edge of the E4 retina (arrows
n was undetectable on E3 (A) but fairly intense on E4 (arrowheads
crine cells (arrows), with lighter signals in the outer portion of the
arrows) and horizontal cells (arrowheads) were also positive at this
enerally similar on E8 (E, F) and E18 (G, H), there were differences
eal side of the cell bodies of presumptive amacrine cells (arrows E,
eceptors in the ONL appeared to be as intense as in ganglion cells
ripheral gradients of immunoreactivity, illustrated here with a
na lightly (I), while the peripheral retina was labeled much more
ral gradient in the RPE (arrow I, K) at early stages. Sections reacted
ed showed no label (L). RPE, retinal pigmented epithelium; NE,
Developing Retina
Antibody specificity
a Foll ActRII ActRIIB
1/2 11 11 11
1/2 1/2 1/2 1/2
2 1/2 1/2 1/2
1/2 1/2 2 1/2
2 2 2 2
1/2 11/2 11/2 11/2
1/2 11/2 111 11/2
1/2 1/2 11 111
2 11/2 2 1/2
2 2 1/2 1/2
1/2 111 11/2 111/2
11/2 111 11 111
but not all cells; 1, weak immunoreactivity; 11, moderate
ted epithelium; NE, neuroepithelium; p, presumptive; ONL, outer
ller glial cells; Amacrine, amacrine cells; Ganglion, ganglion cells.y pro
), E4
-lev
at st
regio
ama
tor (
as g
vitr
oth r
-to-pe
reti
-cent
s raisn the
omeptive inner nuclear layer; pGCL, presumptive ganglion cell layer.
50 mm; inset, 5 mm. Nomarski optics.
s of reproduction in any form reserved.
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112 Belecky-Adams, Scheurer, and Adlerabove background (not shown); flik signals were stronger
than follistatin and were more heavily expressed in the
presumptive INL (Fig. 2E). Unlike other family members,
flik signals were stronger in the peripheral than in the
central retina and RPE (Figs. 2H–2J).
Expression of all the subunits, follistatin, and flik ap-
peared much lower at E18 than at earlier stages and required
much longer exposure times to become detectable by in situ
hybridization. bA, bB, and a subunit signals were stronger
n the ganglion and amacrine cells than in the outer retina
Fig. 2G); follistatin remained barely detectable throughout
he retina, while flik was expressed at low levels in the
anglion and inner nuclear layers (not shown).
Effects of Activin Treatments on Cultured Retinal
Cells
Characteristics of the experimental system. In vitro
experiments were performed on embryonic retinal cells
dissociated from embryos ranging from E5 to E8, grown in
medium containing 5% fetal calf serum. Dissociated retinal
cells appear at culture onset as a homogeneous population
of morphologically undifferentiated, process-free round
cells, which over the next 3–6 days in vitro give rise to three
major cell subpopulations. One subpopulation consists of
cells that remain morphologically undifferentiated. A sec-
ond subpopulation consists of photoreceptors, which appear
under the phase microscope as highly elongated, polarized,
and compartmentalized cells and express many molecular,
structural, and functional properties similar to those of
photoreceptor cells in vivo (for review see Adler, 1993). The
third subpopulation is composed of nonphotoreceptor, mul-
tipolar neurons, which have a large cell body and several
TABLE 2
Expression Patterns of Activin Family Members in the Developing
Age Cell layer bA bB
E4 RPE 1 1
NE 1 1
E8 pONL 111 111
pOINL 111 2
pIINL 111 2
pGCL 111 2
E18 ONL 1 11/2
OINL 2 2
IINL 11 2
GCL 11 2
Note. 2, little or no expression; 1/2, expression in some cells; 1
RPE, retinal pigmented epithelium; NE, neuroepithelium; p, pres
layer; IINL, inner half of inner nuclear layer; GCL, ganglion cell lanerve processes. In E8 cultures photoreceptors represent
10–20% of the morphologically differentiated cells, but a
Copyright © 1999 by Academic Press. All righttheir frequency is much higher in cultures of cells isolated
at earlier embryonic stages, such as E6 (Adler and Hatlee,
1989; Belecky-Adams et al., 1996). The experiments de-
scribed below were done on E6 cultures, except where in-
dicated.
Protein distribution in vitro. As summarized in Fig. 3
and Table 3, a majority of the photoreceptors, nonphotore-
ceptor neurons, and morphologically undifferentiated cells
showed immunoreactivity for all the activin family mem-
bers studied, although the fraction of positive nonphotore-
ceptor neurons was lower than for the other two cell
categories. Taking into consideration the developmental
patterns of localization observed in vivo, this widespread
distribution of immunoreactivity in the cultures is likely to
reflect the predominance of amacrine cells among the
nonphotoreceptor neurons, as well as the accelerated differ-
entiation of photoreceptor cells (see below). In situ hybrid-
ization failed to show signals above background with any of
the probes, even after exposures as long as 16 weeks. The
reasons for this discrepancy between immunocytochemical
and in situ hybridization data remain unknown, but may
reflect differences in sensitivity of the techniques and/or in
the turnover rates of the proteins compared to their respec-
tive mRNAs.
Activin-treatment leads to concentration-dependent in-
creases in numbers of neurons in E6 cultures. When
cultures were treated at seeding with a range of activin
concentrations, two obvious differences with control cul-
tures were readily evident (see Figs. 4A, 4B, 6A, and 6B): an
increase in the number of cells expressing a neuronal
phenotype (which included the presence of long, highly
branched neurites; Figs. 4A and 4B) and the arrested mor-
phological differentiation of the photoreceptor cells (Figs.
ina
In situ hybridization probe
a Foll Flik RcII RcIIB
1 2 1 1 1
1 1/2 11 1 1
1 1/2 2 11 1
1 1/2 2 1 1
1 1/2 1/2 11 11
11 1/2 2 11 11
1 1/2 2 11 11
2 1/2 2 2 2
1 1/2 1/2 11 11
1 1/2 2 11 11
ak expression; 11, moderate expression; 111, strong expression.
ive; ONL, outer nuclear layer; OINL, outer half of inner nuclearRet
1
1
1
1
, we6A and 6B). Compared to controls after 6 days in vitro (div),
ctivin-treated cultures had more nonphotoreceptor neu-
s of reproduction in any form reserved.
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113Activin Effects on Chick Embryo Retinal Cellsrons (Fig. 4C); these increases were concentration-
dependent between 0 and 150 ng/ml, reaching a plateau
(200–240% over control) at 25 ng/ml (EC50 5 5 ng/ml).
Activin effects also were developmental stage-dependent,
since neuronal numbers increased approximately 740%
over the very low control values observed in E5 cultures
(Fig. 4D, see also 4A and 4B), while in E8 cultures, where
neurons are much more abundant and under control condi-
FIG. 2. In situ hybridization analysis of the distribution of mRNA
(A–G) and digoxigenin-labeled (H–J) RNA probes were used to de
follistatin-like gene flik (E, H–J), at E3 (A), E5 (H–J), E8 (B–F), and E
illustrate a comparison between central and peripheral retina. Pictu
of digoxigenin-reacted tissue were taken with bright-field (H–J) m
members in the early retina (A). At E8, bA remained diffuse, with s
to the presumptive ONL (arrows C) and a mRNA to the presumptiv
arrows E) and at lower levels in the rest of the retina. At E18 (G), h
ere at low levels and predominated in ganglion and amacrine cel
id all other sense probes (not shown). In the early embryo, more in
he RPE (arrows H) than of the fundal region (arrows J). ONL, ou
agnification bars: A–G, 50 mm; H, J, 50 mm; I, 500 mm.tions, they actually showed a small decrease in response to
activin (Fig. 4D).
Copyright © 1999 by Academic Press. All rightIncreases in nonphotoreceptor neurons in E6 cultures
were not accompanied by changes in cell survival or cell
proliferation. Activin- and vehicle-treated cultures had
similar total numbers of cells after 6 days in vitro; when
studied with a “viability” assay which differentially labels
live and dead cells (see Materials and Methods), activin-
treated cultures showed small, statistically insignificant
increases in live cells at 24 h, 48 h, 4 days, or 6 days after
ctivin/inhibin family members in the developing retina. 33P-labeled
mRNA for the a (A, D, G), bA (B), and bB (C) subunits, and the
). A–G correspond to the fundal region of the retina, whereas H–J
f 33P-reacted sections were taken with dark-field (A–G) and pictures
scopy. Low-level, diffuse expression was observed for all family
ly higher levels in the GCL (B), but bB mRNA localized primarily
L (arrows D). Flik mRNA was detected at higher levels in the INL
dization signals for all family members (shown here for subunit a)
ctions reacted with bB sense probes show very little signal (F), as
e flik signals were detected at the periphery of both the retina and
uclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.for a
tect
18 (G
res o
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light
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ybri
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tensseeding (Fig. 5A). Similarly, analysis with the window-
labeling technique, in which sequential administration of
s of reproduction in any form reserved.
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115Activin Effects on Chick Embryo Retinal Cells[3H]thymidine and bromodeoxyuridine allows identifica-
ion of cells born at specific time intervals (Repka and
dler, 1992; Belecky-Adams et al., 1996), showed that the
elative frequencies of cells undergoing one or more rounds
f division in culture were equivalent in activin- and
ehicle-treated dishes (Fig. 5B).
Immunocytochemical characterization of neurons in
ctivin-treated and control cultures. In order to deter-
ine which nonphotoreceptor neuronal cell type was in-
reasing with activin treatment, cultures were analyzed
ith the markers syntaxin, which is found exclusively in
macrine cells; Pax-6, found in amacrine, ganglion, and
orizontal cells; and GABA, found in amacrine and hori-
ontal cells (Barnstable et al., 1985; Agardh et al., 1986;
elecky-Adams et al., 1997). With all three antibodies, the
requency of neurons devoid of immunoreactivity was only
0–20% of the total, and their frequency was not statisti-
ally different in activin-treated and control cultures (not
hown). On the other hand, all antibodies showed statisti-
ally significant increases in immunoreactive neurons in
ctivin-treated cultures; the increases were of similar mag-
itude with all three antibodies (Fig. 4E), suggesting that
any of these cells are amacrine neurons, the only ones in
hich all three cell markers are coexpressed. Concomitant
ecreases in the frequency of similarly immunoreactive
orphologically undifferentiated cells were observed with
ll antibodies.
To determine if activin affected dividing or postmitotic
ells, cultures were grown for 6 days in the presence of
3H]thymidine (3HT), fixed, immunolabeled for GABA, and
processed for autoradiography. The number of GABA(1)/
3HT(1) neurons was increased by 245% and the number of
ABA(1)/3HT(2) neurons by 150% in activin-treated cul-
ures (not shown). Thus, activin appeared to stimulate
euronal differentiation of cells born in vitro as well as
hose born prior to isolation for culture.
Arrested structural differentiation of photoreceptor
ells in activin-treated cultures. In control cultures, pho-
oreceptor cells resemble their in vivo counterparts in their
ighly elongated, compartmentalized phenotype and show
TABLE 3
Percentage of Cells Dissected from E6 or E8 Embryos Positive for
Label
E6
% Neurons % PhRs %
bA 87 6 7 99 6 1 9
bB 81 6 11 98 6 1 9
Inhibin a 86 6 14 98 6 4 9
Follistatin 87 6 5 99 6 2 9
cII 69 6 4 97 6 2 9
cIIB 89 6 9 98 6 1 9high degree of structural and molecular polarity (Ma-
reperla and Adler, 1989; see Fig. 6A). In activin-treated
v
W
Copyright © 1999 by Academic Press. All rightultures photoreceptors were similar to controls in the
resence of an oil droplet; of a single, short neurite; and of
mmunoreactivity with antibodies against the photorecep-
or-specific protein visinin (Figs. 6A and 6B, and see below),
ut appeared remarkably shorter than in control cultures.
hen photoreceptor lengths measured in E8 cultures were
ubdivided into six equal-sized bins, a majority of photore-
eptors in control cultures were longer than 22.2 mm, with
the frequency of cells in this category decreasing in a
concentration-dependent manner in activin-treated cul-
tures (Fig. 6C); on the other hand, photoreceptors in the
13.4- to 15.5-mm category were only 12% of the total in
ehicle-treated cultures and increased up to fivefold with
ncreasing concentrations of activin.
Effects of activin on the expression of photoreceptor-
pecific molecular markers. Activin-treated and control
ultures had similar numbers of photoreceptors (Fig. 7M)
hat were positive for markers expressed at early stages of
heir differentiation, such as peanut lectin (a cone marker;
ee Figs. 7A–7D and Saga et al., 1996) or visinin mRNA or
rotein (Figs. 7E–7H; see Yamagata et al., 1990; Bruhn and
epko, 1996). Completely different results, however, were
btained with four different markers that are expressed by
ore mature photoreceptors, which showed marked inhi-
ition of visual pigment expression by activin (Fig. 7). In
ontrol E6 cultures grown for 6 div, for example, over 60%
f the photoreceptors (Fig. 7M) showed strong in situ
ybridization signals (Fig. 7I–7J) for iodopsin (the “red”
one pigment); in contrast, only some 9% of photoreceptors
ere positive in activin-treated cultures (Figs. 7K, 7L, and
M). We also detected many fewer positive cells in activin-
reated than in control cultures immunoreacted with the
ntibody COS-1 against chicken iodopsin, as well as with
wo antibodies cross-reactive with most of the chick visual
igments, the antibody OS-2, and a sheep antiserum against
ovine rhodopsin (Fig. 7M).
Inhibition of activin effects by follistatin. Follistatin
id not have detectable effects on the differentiation of
hotoreceptors or nonphotoreceptor neurons in low-density
ultures, although it appeared to decrease overall cell sur-
unocytochemical Label after 6 Days in Vitro
E8
iff % Neurons % PhRs % Undiff
86 6 10 100 6 0 93 6 5
79 6 9 99 6 1 88 6 8
75 6 7 99 6 1 82 6 15
88 6 5 100 6 0 94 6 2
60 6 10 99 6 1 83 6 3
75 6 5 99 6 1 91 6 7Imm
Und
5 6 3
3 6 6
7 6 3
4 6 4
0 6 6ival in a concentration-dependent manner (not shown).
hen added to cultures together with activin in a 5:1 molar
s of reproduction in any form reserved.
116 Belecky-Adams, Scheurer, and AdlerFIG. 4. Effects of activin on the differentiation of nonphotoreceptor neurons in vitro. E5 cultures treated with 50 ng/ml activin (B) showed
an increase in the frequency of neurite-bearing neurons compared to controls (A); both cultures were immunoreacted with an antibody
against GABA, a convenient marker for most of the nonphotoreceptor neurons. (C) The effects of activin on neuronal numbers were
concentration-dependent; in E6 cultures increases in neurons were maximum at 25 ng/ml, with half-maximal values at 5 ng/ml. *P , 0.001.
(D) Activin effects were also age-dependent; thus, treatment with 50 ng/ml activin triggered 10-fold increases in the number of neurons in
E5 cultures, with a concomitant decrease in the number of morphologically undifferentiated cells; in E6 cultures, there was a 2.5-fold
increase in the number of neurons, while in E8 cultures there was a small decrease with respect to controls (the number of neuronal cells
in control cultures is always higher in E8 than in E6 cultures) *P , 0.001, #P , 0.05. (E) Quantitative analysis of activin- and vehicle-treated
E6 cultures immunolabeled with antibodies against Pax-6, GABA, or syntaxin showed similar increases in the number of morphologically
differentiated neurons immunoreactive with each antibody, which were accompanied by equivalent decreases in the frequency of
morphologically undifferentiated immunoreactive cells. Magnification bar, A and B, 50 mm. Changes in the number of neurons in
activin-treated dishes were statistically significant. *P , 0.001, #P , 0.05. Error bars, SEM. V, vehicle; A, activin.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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117Activin Effects on Chick Embryo Retinal Cellsratio, on the other hand, follistatin could inhibit completely
the effects of activin on the development of photoreceptors
and neurons, as evaluated by phase-contrast microscopy,
GABA immunoreactivity (Fig. 8A), and iodopsin in situ
hybridization (Fig. 8B). The inhibition of activin effects was
only partial when follistatin was present at a 3:1 molar
ratio, which is generally considered optimum for activin
inactivation by follistatin; this could perhaps be due to the
presence in the culture medium of molecules, other than
the added activin, capable of binding follistatin.
DISCUSSION
A summary of the findings reported in this paper is as
follows: (1) activin/inhibin subunits a, bA, and bB; activin
eceptors II and IIB; follistatin; and follistatin-like gene are
xpressed in the embryonic chick retina in developmentally
egulated, cell-type-specific patterns; (2) immunocyto-
hemical analysis of the subunits, receptors, and follistatin
hows vitreal-to-scleral asymmetries up to and including
8, as well as a circumferential periphery-to-fundus gradi-
nt in the neural retina at all ages examined, and a comple-
entary, fundus-to-periphery circumferential gradient in
he E3–E5 retinal pigment epithelium; (3) the subunits,
eceptors, and follistatin are also detectable in cultured
etinal neurons and photoreceptors in vitro; (4) activin
FIG. 5. Activin treatment had no detectable effects on cell surv
assayed at 24 h, 48 h, 4 days, or 6 days in vitro with the “viability”
insignificant increase in the number of living cells in activin-treate
24, 48, 96, and 144 h were 0.65, 0.08, 0.42, and 0.11, respectively). (B
the “window-labeling” technique as described under Materials and
ignificant differences between activin-treated and control cult
window-labeled cells (born during the first 8 h in culture) or BrdU(1
hymidine; BrdU, bromodeoxyuridine. Error bars, standard deviatioxerts inhibitory effects on the morphogenesis and molecu-
ar differentiation of photoreceptor cells at nanomolar con-
a
t
Copyright © 1999 by Academic Press. All rightentrations, while stimulating the differentiation of non-
hotoreceptor neurons in the same cultures; (5) these
ffects are not accompanied by changes in cell survival or
roliferation; and (6) activin effects are blocked by follista-
in. Taken together, these results are consistent with the
ypothesis that members of the activin family of growth
actors play a significant role in the regulation of retinal
evelopment.
Survival-promoting effects of activin have been reported
or neurons from several organs, including chick retina
Schubert et al., 1990). Our in vitro studies using dissoci-
ted retinal cultures did show small increases in the num-
er of cells present in activin-treated cultures at some time
oints, which, however, were not statistically significant.
he apparent discrepancy with the findings of Schubert et
l. may be due to differences in age of donor embryos and/or
ulture conditions. Despite the lack of activin effects on
otal numbers in the cultures, activin-treated E5 and E6
etinal cultures had significantly more neurons than
ehicle-treated controls, with the magnitude of these in-
reases being much higher with E5 cells (approximately
0-fold) than with E6 cells (2- to 3-fold). The overwhelming
ajority of the morphologically identifiable neurons
resent in activin-treated and control cultures were immu-
oreactive with antibodies against Pax-6, GABA, and syn-
axin. Since similar numbers of neurons were detected by
mmunocytochemistry with any of these markers, it would
or proliferation. (A) Control and activin-treated E6 cultures were
y (see Materials and Methods). There was a slight but statistically
ltures (P values comparing activin- and vehicle-treated samples at
sible effects of activin on cell proliferation were investigated using
hods. The cultures received 3HT at seeding and BrdU 8 h later. No
were observed in the relative frequencies of 3HT(1)/BrdU(2)
lls (which continued to proliferate after that period). 3HT, tritiatedival
assa
d cu
) Pos
Met
uresppear that many of these neurons may be amacrine cells,
he only ones in which all three markers are coexpressed
s of reproduction in any form reserved.
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sive increase in the frequency of shorter photoreceptors with
increasing activin concentration in the medium. The changes
118 Belecky-Adams, Scheurer, and Adler
Copyright © 1999 by Academic Press. All right(Barnstable et al., 1985; Agardh et al., 1986; Belecky-Adams
et al., 1997). Neuronal increases in activin-treated cultures
are accompanied by concomitant decreases in the frequency
of morphologically undifferentiated “round” cells express-
ing the same cytochemical markers, without changes in
total cell numbers or in the frequency of photoreceptors in
the cultures; the results appear to indicate that activin
stimulates the phenotypic differentiation of precursor cells,
in particular the development of neuritic processes; the
possibility that activin may determine the neuronal fate of
uncommitted precursors, however, cannot be excluded
based on our data.
Activin did not alter the number of photoreceptors that
could be recognized based on morphological criteria (such
as the presence of lipid droplets and a single, short neurite;
reviewed in Adler, 1993) or by the analysis of early
photoreceptor-specific markers, such as peanut lectin bind-
ing, visinin immunoreactivity, or visinin mRNA (Yamagata
et al., 1990; Bruhn and Cepko, 1996; Saga et al., 1996).
Activin, however, exerted powerful inhibitory effects on
several aspects of the molecular and structural differentia-
tion of photoreceptor cells. Photoreceptors are character-
ized in vivo by a high degree of structural and molecular
polarity (reviewed in Besharse, 1986); we have previously
shown that isolated photoreceptor precursor cells, which
have a circular outline at culture onset, develop and main-
tain an elongated and highly polarized phenotype in vitro
through cell-autonomous, cytoskeleton-dependent mecha-
nisms (Madreperla and Adler, 1989; Madreperla et al.,
1989). We have now observed that most photoreceptor
precursors fail to elongate in activin-treated cultures, even
though they achieve some degree of polarity (e.g., mRNAs
for both iodopsin and visinin colocalize with the lipid
droplet in the region of the cell body opposite to the
neurite). The inhibition of photoreceptor elongation by
activin could reflect a nonspecific toxic effect, but this
appears unlikely because the concentration-dependent ef-
fects of activin are fully prevented by concomitant treat-
ment with follistatin, which is known to prevent activin
from binding to its receptors (de Winter et al., 1996), and
photoreceptor elongation proceeds normally if cells are
exposed to activin for as long as 48 h and then switched to
activin-free control medium (data not shown). At the mo-
lecular level, on the other hand, iodopsin expression could
be detected by in situ hybridization or immunocytochem-
istry in over 60% of the E6 photoreceptors grown in control
medium, whereas less than 10% were positive when grown
in the presence of activin. Activin effects appear to repre-
sent predominantly an inhibition of visual pigment expres-
compared to control in activin-treated cultures were statistically
significant in the 13.4–15.5 mm length range (*P , 0.0001) and theFIG. 6. Effects of activin on the morphological differentiation of
cultured photoreceptor cells. Activin- and vehicle-treated cultures
of E6 retinal cells were immunoreacted with an antibody against
visinin (a photoreceptor-specific marker) after 6 days in vitro. In
ehicle-treated cultures (A) photoreceptors showed a characteristi-
ally elongated polarized morphology with one single neurite and
n oil droplet. In activin-treated cultures, on the other hand,
hotoreceptors appeared morphologically undifferentiated, with a
ery short, almost circular cell body (B). (C) Distribution of photo-
eceptors of different lengths in cultures treated with 0, 10, or 100
g/ml activin (n 5 150 for each concentration). Photoreceptors
ere measured as described under Materials and Methods and
ivided into six arbitrarily defined length ranges. Note the progres-0.0 mm and above ranges (**P , 0.001). Magnification bar, A and
, 10 mm.
s of reproduction in any form reserved.
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120 Belecky-Adams, Scheurer, and Adlersion, rather than an instructive switch from iodopsin ex-
pression to the expression of one or more of the remaining
visual pigments, because equivalent results were obtained
with RNA probes or antibodies specific for the red pigment,
iodopsin, or with antibodies cross-reactive with most if not
all chicken visual pigments.
It is important to note that outer segment elongation
(Grun, 1982) and visual pigment expression (Bruhn and
Cepko, 1996) do not begin in vivo until embryonic day 14,
more than a week after the photoreceptors are generated.
The mechanisms responsible for this lag have not been
investigated in the chick, although studies in the rat led to
the suggestion that its duration may be an intrinsic prop-
erty of the photoreceptors (Morrow et al., 1998). The
extensive visual pigment expression observed in control
cultures of E6 cells, after 6 days in vitro, represents a
remarkable acceleration with respect to the situation in
vivo and suggests that microenvironmental factors may
FIG. 7. Effects of activin on the expression of photoreceptor-spe
ehicle (A, B, E, F, I, J) or activin (C, D, G, H, K, L) and either reacte
n situ hybridization with digoxigenin-labeled RNA probes for vis
retinal cultures from E6 embryos were reacted with peanut agglutin
if not all photoreceptors), OS-2 (an antibody panspecific for chick v
hybridization with a digoxigenin-labeled RNA probe against iodop
were labeled with visinin and peanut agglutinin in vehicle- and
FIG. 8. Follistatin blocked the effects of activin on retinal cells
ollistatin in a 1:3 or 1:5 molar ratio, or equivalent concentrations of
with GABA or processed for in situ hybridization with a digoxigen
follistatin completely blocked the activin-induced increases in n
follistatin effects were only partial at 3:1 ratio (B). Follistatin alo
iodopsin1 photoreceptors. Error bars, standard deviation. *P , 0.0percentages of visual pigment-positive photoreceptors in the presence
Magnification bar, A–L, 25 mm.
Copyright © 1999 by Academic Press. All rightlay a significant role in the control of the timing of
xpression of visual pigment genes in chick photoreceptors.
ctivin’s involvement in this phenomenon in vivo is sug-
ested by the finding that bA and bB subunits are heavily
expressed in the presumptive outer nuclear layer on E8, but
appear to decrease at later stages. Retinal pigment epithelial
cells could also be involved in this phenomenon because
they produce activin (Jaffe et al., 1994) and have been shown
to exert inhibitory effects upon visual pigment expression
by chick photoreceptor cells in reaggregation cultures
(Layer et al., 1997).
In situ hybridization and immunocytochemical signals
for each one of the family members studied tended to
overlap quite closely with each other, with the conspicuous
exception of activin/inhibin subunit bB, which, by E8,
appeared localized predominantly to the putative outer
nuclear layer by in situ hybridization and to ganglion and
amacrine cells by immunocytochemistry. In any event, the
markers. Cultures from E6 embryos were treated for 6 days with
th rhodamine-conjugated peanut agglutinin (A–D) or processed for
(E–H) or iodopsin (I–L). (M) Replicate vehicle- and activin-treated
hich labels cones); immunolabeled with visinin (which labels most
pigments), or COS-1 (specific for iodopsin); or processed for in situ
ee Materials and Methods). Similar percentages of photoreceptors
in-treated cultures, but there was a conspicuous decrease in the
retinal cultures were treated with vehicle, activin, activin plus
statin alone; after 6 days in vitro, the cultures were immunolabeled
beled RNA probe for iodopsin. When present in 5:1 molar excess,
ns (A) and decreases in iodopsin expressing photoreceptors (B);
id not appear to affect the number of either GABA1 neurons or
P , 0.01.cific
d wi
inin
in (w
isual
sin (s
activ. E6
folli
in-la
euroof activin. Vis, visinin; PA, peanut agglutinin. Error bars, SEM.
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121Activin Effects on Chick Embryo Retinal Cellslocalization data are consistent with the possibility that
differentiating neuronal cells may not only be responsive to
members of the activin family, but could also serve as
sources of the factors. An important caveat, however, is
that the localization of follistatin and activin/inhibin sub-
units does not by itself indicate which (if any) of the factors
are actually available to the developing cells in vivo, since
b subunits can dimerize with each other to form activin or
ith an a subunit to form the antagonist, inhibin, and can
also bind in solution to follistatin, which prevents them
from binding to the receptor (de Winter et al., 1996).
Despite these uncertainties, the striking correlations be-
tween asymmetries in the distribution of activin family
members and asymmetries in the overall pattern of organ-
ization of the embryonic chick retina deserve notice. Dur-
ing the period when newly generated cells migrate to
their definitive laminar positions within the retina, for
example, immunoreactivity for all family members concen-
trates in the vitreal half of the retina, where cells differen-
tiate as ganglion and amacrine neurons. We also observed
fundus-to-periphery, gradual circumferential asymmetries
in the distribution of activin family members, which had
opposite orientation in the neural retina compared to the
retinal pigment epithelium. Despite the common embryo-
logical origin of these tissues by invagination of the optic
vesicle into the optic cup, and of their continuity at the
periphery of the cup (future ora serrata), there was a clear
demarcation in this region between strong immunoreactive
signals in the neural retina and very weak signals in the
RPE. The opposite situation was seen at the fundus, where
the two layers are closely apposed to each other. Interest-
ingly, these apparent gradients in immunoreactivity are
detectable as early as E3–E4, when the retina is still largely
undifferentiated (Coulombre, 1955), and correlate with
known fundus-to-periphery gradients in retinal develop-
ment (e.g., Coulombre, 1955; Connor et al., 1998). Given
that activin concentration gradients have been suggested to
act as morphogens in mesoderm induction and patterning
(reviews, Gurdon et al., 1996; Dale, 1997; among others),
and that asymmetries in activin distribution have also been
linked with the establishment of left–right asymmetries in
chick embryos (Levin, 1997), it would appear reasonable to
hypothesize that members of the activin family may play
similar roles in the retina. Such a possibility, however,
remains to be experimentally tested.
The members of the activin family should now be added
to the growing list of signaling molecules that are likely to
participate in the regulation of retinal cell differentiation
(for review see Tanihara et al., 1997); two likely functions of
activin in the chick retina appear to be to stimulate ama-
crine cell differentiation and to inhibit temporarily the
expression of some differentiated properties of photorecep-
tor cells. As shown by studies in other organs and tissues,
however, there are extensive interactions between activin
and other factors, many of which are known to be present in
the retina and/or to influence retinal cell development; a
partial list includes the modulation of activin effects by
Copyright © 1999 by Academic Press. All rightFGF (e.g., Cornell et al., 1995), the synergy between mem-
bers of the activin and Wnt families in tissue patterning
(Crease et al., 1998), the binding of BMP 2 and BMP 7 to
activin receptors (Yamashita et al., 1995), the antagonistic
effects of follistatin and BMP-4 (Fainsod et al., 1997), the
regulation of follistatin synthesis by retinoic acid (Michel
and Farnworth, 1992), and the binding of follistatin to
heparan sulfate proteoglycans (Nakamura et al., 1991). The
complexity of these interactions could perhaps explain the
results with “knockout” mice lacking different members of
the activin family which, although lethal in some cases and
having ocular abnormalities in others, have not been re-
ported to have specific retinal alterations (Matzuk et al.,
1995a,b; Vassalli et al., 1994; reviewed in Matsuk et al.,
1996). Thus, while our own studies and those from other
laboratories tend to emphasize effects of individual factors
on the differentiation of particular cell types, the picture
that is beginning to emerge suggests that regulation of cell
differentiation by extracellular signals is more likely to be
complex, perhaps involving homeostatic interactions be-
tween groups of factors, including members of the activin
family.
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